Among various methods of synthesis of nanostructured TiO 2 , a self-organized anodization is the most commonly used and discussed in the literature. However, different methods of pretreatment of Ti before anodic titanium dioxide (ATO) formation are not often addressed. Therefore, various polishing procedures based on mechanical, chemical, electrochemical, and combined electrochemical with chemical pretreatments were examined to establish whether they represent effective methods for smooth Ti surface preparation before anodization. The ATO layers were prepared via two-step anodization carried out in an ethylene glycol solution containing fluoride ions at 20 ∘ C and under the anodizing potential of 60 V. The influence of applied polishing method on the cell size, pore diameter, pore circularity, pore density, and porosity of the top ATO layer was studied. In addition, the effect of polishing procedure on cell arrangement in ATO films was also investigated. The quantitative analyses of the regularity of cell arrangement, based on the regularity ratio derived from bottom-view SEM images, showed that the type of polishing procedure does not affect the cell order.
Introduction
Nowadays, scientists are overwhelmingly interested in the fundamental aspects and applications of semiconducting wide bandgap oxide materials. Among various semiconductors, titanium dioxide (TiO 2 ) plays an important role because of its chemical stability, nontoxicity, and biocompatibility. It is also an inexpensive material with a very high dielectric constant and interesting photocatalytic activities [1] . Taking the advantages of its properties, titania has recently gained significant attention as a functional material with wide spectrum of photocatalytic [1, 2] , solar cell [3, 4] , water splitting [5] , antibacterial [6] , and sensing applications [7, 8] . It is also recognized as an important biocompatible material for synthetic bone graft substitutes [9, 10] . Due to the large surface area to volume ratio and the quantum confinement effect, TiO 2 nanotubes and nanopore arrays are most frequently fabricated nanostructures [11, 12] . Several different methods, such as sol-gel [13] , template-assisted [14] , hydrothermal [15] , or seeded growth [16] , have been used for the fabrication of titania nanostructures. However, highly ordered nanotubular/nanoporous structures with controllable dimensions can only be produced via a self-organized anodization of titanium.
Anodization is a simple electrochemical process used in order to produce thick, nanoporous/nanotubular metal oxide layers on valve metals. The anodic oxidation of metals, especially Al and Ti, has been studied extensively for various purposes [17] [18] [19] [20] . In general, the majority of principles that apply to the preparation of anodic titanium dioxide also apply to the formation of anodic aluminum oxide (AAO). For instance, by changing anodization conditions such as applied voltage [21, 22] , water content in the electrolyte [23] , temperature and potential sweep rate [24] , nanostructures with different pore/tube diameters, and different regularities of the nonstructural architecture can be obtained. Another similarity to Al anodization is a direct dependence between the length of nanochannels/nanotubes and the anodization time [22] .
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In addition, the arrangement of nanopores/nanotubes can be significantly improved by using a two-step anodization method [25, 26] . However, insufficient research has been made to examine the anodization of Ti.
The main unknown factor in nanostructured titania formation is a surface preparation procedure used before anodizing. The different pretreatment procedures affect the nanopore/nanotube arrangement in as-obtained TiO 2 . It has been established that anodic Al 2 O 3 has better arranged nanopores, when the Al surface is pretreated by annealing or electropolishing the foil used for anodization [27] [28] [29] [30] [31] [32] . The most common pretreatment procedures are a mechanical polishing with emery paper, alumina or diamond slurries, and electropolishing in various electrolytes. The electropolishing processes, carried out at the galvanostatic or potentiostatic modes, involve typically the following electrolytes based on (i) sulfuric acid in water or organic solvents with or without the addition of hydrofluoric acid [33] [34] [35] , (ii) perchloric acid in methanol [36, 37] , and (iii) perchloric acid and glacial acetic acid [38, 39] . Although the electropolishing process carried out in those electrolytes results in a microscopically bright, clean, and smooth Ti surface, electrolytes used in this process are either toxic or flammable. Therefore, some researchers are focusing on finding less harmful mixtures [40] [41] [42] .
Certainly, properties of nanostructured anodic TiO 2 depend on operating conditions of anodization and the method of preparation of the substrate prior to anodizing. Nevertheless, it is still unclear how the pretreatment of Ti before anodization improves the arrangement of nanotubes/nanopores. Recently, a few studies regarding the effect of polishing of Ti and Ti alloys on the growth of ATO layers have been conducted applying different polishing strategies including mechanical polishing [43] [44] [45] , chemical polishing [45] , and electropolishing [42, 45] . For example, Kim et al. established that highly aligned TiO 2 nanotube array can be obtained on a mechanically polished Ti surface, as the chemical etching of the top nanotube layer is considerable suppressed [44] . The reduced rate of chemical etching of nanotubes is a direct result of the formation of thin rutile layer in the early stage of anodization. In addition, it was found that electropolishing is indispensable for the formation of uniform nanotubular TiO 2 structures [42] . On the other hand, the effect of different surface conditions, as a consequence of used different surface polishing procedures, on the nanotube morphology was studied by Lu et al. [45] . Nevertheless, no systematic studies were performed to investigate the influence of applied polishing methods on the TiO 2 nanotube arrangement formed by two-step anodization.
Thus, in this work, a simple but relevant comparison of some commonly used procedures for titanium surface preparation before anodization is described. Furthermore, the effect of different polishing methods on the formation of anodic titanium dioxide via two-step anodization was studied. Four different polishing methods were applied: mechanical polishing (MP), chemical polishing (CP), electropolishing (EP), and combined electrochemical and chemical polishing (EP + CP). The analysis of cell arrangement in ATO layers was investigated for all used procedures of Ti pretreatment.
Experimental
A titanium foil (99.5% in purity and 0.25 mm thick, Alfa Aesar) was precut in coupons (0.5 cm × 2.0 cm). The samples were degreased in acetone (Chempur) and ethanol (Chempur). Afterwards, four different polishing methods were applied.
The mechanical polishing to a mirror finished was carried out using increasing grits of abrasive paper (70, 120, 600, 800, and 2000) followed by four different polishing alumina powders of decreasing particle size (mesh: 500, 600, 800, and 1200). Finally the samples were rinsed with water. The chemical polishing was performed by dipping of Ti samples into a stirred mixture of hydrofluoric acid (40 wt.%, Idalia) and nitric acid (65 wt.%, Avantor) (1 : 3 in volume) for 10 s. Then, Ti coupons were rinsed with water and ethanol and dried in the air. The electrochemical polishing was conducted in a mixture (60 : 15 : 25 in volume) containing acetic acid (98 wt.%, Avantor), sulfuric acid (98 wt.%, Avantor), and hydrofluoric acid (40 wt.%, Idalia) at the constant current density of 140 mA cm −2 and 20 ∘ C for 1 min. Afterwards, the samples were rinsed with water, ethanol, and dried in the air. A combined pretreatment method was based on the electrochemical polishing followed by chemical polishing.
Anodic titanium dioxide layers on Ti samples were prepared via a two-step anodization in an ethylene glycol solution containing NH 4 F (0.38 wt.%, Sigma-Aldrich) and H 2 O (1.79 wt.%) at 20 ∘ C. The process was carried out at 60 V in a two-electrode cell, with polished Ti samples as anodes and a Ti plate as a cathode. The duration of both anodizing steps was 30 min. After the first step of anodization, an adhesive tape was used to remove the oxide layer. All used chemicals were of analytical grade.
The structural and morphological characterizations were performed using a field emission scanning electron microscope (FE-SEM, Hitachi S-4700). The structural features and pore order degree of anodized samples were estimated directly from SEM images by using the scanning probe image processor WSxM 4.0 Develop 12.0 [46] and Image J 1.37v software [47] . Figure 1 shows SEM images of as-received Ti foil and Ti samples after different polishing treatments. The as-received Ti foil has a rough surface with cracks, small pores distributed randomly over the surface, and grains stretched in one direction by the rolling process ( Figure 1(a) ).
Results and Discussion

Morphology of Ti Surface.
After the MP, the number of pores and cracks is significantly reduced; however, the surface is still rough and the grains on the surface are starched along the rolling direction ( Figure 1(b) ). The CP in hydrofluoric acid and nitric acid improves considerably the smoothness of the surface (Figure 1(c) ). The Ti surface is free from cracks and rough tracks but possesses small domains with nanometer sized grains. Usually, Ti grains have different crystallographic orientations; therefore, the surface is not smooth enough. As reported by Lu et al., the average roughness and height of the chemically polished surface increase after chemical polishing due to the large periodic undulations on the Ti surface [45] . Moreover, the problem with the chemical polishing might arise due to an uneven stirring of the acidic mixture that, in consequence, causes an unequal contact of the solution with Ti surface. The EP leads to a significantly less rough surface with clearly visible grain boundaries (Figure 1(d) ). Although small nanoparticle-like residues are observed, the Ti surface is much more flat and smooth compared with that after MP. The best result, however, was achieved when the electrochemical and chemical polishing methods were combined together (Figure 1(e) ). The surface is flat with smooth grain boundaries and reduced number of residues. Generally, polishing of Ti considerably modifies the surface roughness. From the presented data it is evident that the combined method based on electropolishing followed by chemical polishing gives the best results. the whole ATO surface and some surface undulations are visible. For chemically polished Ti, the ATO layer shows still a superficial roughness, but the pore structure is slightly improved (Figure 2(b) ). The pore size as well as the interpore distance is not uniform and undulations are present on the surface (Figure 2(b) ). A very similar ATO structure with similar pore sizes was obtained on the electropolished Ti foil (Figure 2(c) ). The ATO layer grown on Ti foil prepared by the EP + CP shows the uniform structure (Figure 2(d) ) with smooth pore walls and undulations are not present. However, the subpores were clearly visible in the pore cells for both the EP and EP + CP methods (Figures 2(c) and  2(d) ). Nonetheless, it might be quite an interesting feature when it comes to, for example, catalytic applications (larger Journal of Nanomaterials surface area) or cell culturing on ATO surfaces [44, 48] . From the presented FFT images, a qualitative analysis of pore order on the ATO surface is rather difficult to be performed. Almost independently of the polishing method used for Ti pretreatment, the observed FFT pattern exhibited relatively broad ring-like shapes that indicate large number of domains with nonsharp boundaries between them. Looking at the backside of ATO layers (Figures 2(e)-2(h)), surprisingly, the ATO structures are very similar to each other, independently of the used polishing method. The arrangement of cells is similar and the only visible difference is their size. The biggest size of cells is observed for the sample subjected to the MP pretreatment. The analysis of the FFT patterns provides the similar conclusions regarding the cell order degree. The FFT patterns are blurred and the discshape forms are visible in all cases, independently of the used polishing method. It suggests that the multistep anodizing procedure plays a predominant role in pore ordering. Therefore, the similar cell order can be ascribed to the well-known influence of the second anodizing step on the pore order [e.g., [9] ].
Polishing Effect on Anodization.
In order to better understand how the polishing method of Ti surface affects the formation of anodic TiO 2 , the analysis of current-time curves recorded during anodizations was performed. Figure 3 shows the current density versus anodization time curves recorded for the first and second anodizing steps.
The observed evolutions of current density with time are typical for anodization of Ti that leads to the formation of nanoporous TiO 2 [9, 48] . At the beginning of anodization (Figure 3(a) ), a compact passive layer was formed on the Ti surface and the recorded current density was close to zero. After a few seconds (usually 1-2 s), the compactness of passive oxide layer is lost due to the formation of pores and the current density increases. A rearrangement of formed pores on the surface is indicated on the current-time curve by a local maximum that appears typically in 2-3 s. The pore rearrangement process results in the formation of network of close-packed pores. After reaching the maximum value, the current density decreases with time until a steady-state value of porous oxide grow is achieved.
For the first anodizing step, the longest time needed to reach the current maximum is observed for MP (Figure 3(b) ). It indicates that the pore formation on the MP surface is significantly delayed. On the other hand, the sample pretreated by EP + CP reaches the maximum in a very short time. During the second anodizing step, all samples reach the current density maximum at a similar time (2-3 s). It suggests that, independently of the used polishing method, there is no significant difference in the surface state before the second anodization. Importantly, after removal of the oxide layer grown during the first anodizing step, the regular array of concaves is present on the titanium surface [9] . These concaves act as nucleation sites for pore growth in the second anodizing step. Therefore, independently of the used polishing method, the similar concave pattern on Ti is present after the first and before the second anodizing step.
Polishing Effect on the ATO Structure.
To study the influence of used polishing method on the surface characteristics of anodic titanium dioxide, two-step anodizations were performed at 60 V and 20 ∘ C. An average cell size, pore diameter, pore density, pore circularity, and porosity of the ATO layers were calculated from SEM images similarly as described previously [9] . The cell size of ATO layers was calculated from both top-view and bottom-view SEM images. For a given polishing method, the average cell size in the ATO lattice was calculated from fast Fourier transforms of 6 different top-view or bottom-view SEM images. For each FFT pattern, 3 main profiles along the FFT intensity were constructed. In this way, for each polishing method, the average value of the main distance of the lattice in the inverse space was estimated on the basis of 18 measurements. The results obtained from the top-view and bottom-view calculations are presented in Figure 4 . In addition, these results are compared with the data previously reported for top-view measurements [9] .
As can be seen, the biggest and the smallest cells are formed on Ti surfaces which were subjected to the MP and CP procedures, respectively. The same conclusion on MP influence on the cell size was drawn above from the analysis of Figure 2 . For other polishing methods, top-view calculations gave similar cell sizes and these results are in agreement with the previously reported data. The excellent agreement between the EP + CP and literature values is clearly visible. It is worth noting that the cell sizes calculated from the bottom-view images are slightly smaller than those estimated from top-view images. Figure 4 shows also that the worst and the best uniformity of cell sizes (the highest and the lowest standard deviations) are observed for the CP and EP or EP + CP pretreatments, respectively. Topography (a.u.)
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1.E + 04 −2.E + 04 −2.E + 03 7.E + 03 The average pore diameter, pore circularity, pore density, and porosity of ATO layers were calculated from 6 different SEM top-view images using ImageJ software [47] . The density of pores was calculated as a total number of pores occupying a given surface area of the SEM image. For the pore circularity estimation, it was assumed that the pore circularity of 100% indicates a perfect circle, while the value close to 0% indicates an elongated polygon. The results of performed calculations are shown in Figure 5 . The data were compared with typical values reported in the literature [9] .
The pore diameter values calculated for the MP and EC methods differ slightly from the data reported in the literature. The closest value is achieved for the EP + CP method. The highest circularity of pores, pore density, and porosity of the ATO layer are observed for the EP + CP method. However, these results differ from the literature data reported previously. The high porosities of the EP + CP and EP samples are a direct consequence of high pore density observed on ATO surfaces. As can be seen in Figure 2(d) , the ATO surface pretreated by EP + CP has a complex structure. A mesoporous layer with subpores underneath is present on the ATO surface. This top mesoporous ATO layer is a rutile phase formed during electrochemical oxidation or can be formed as a result of disturbed equilibrium between the rate of chemical etching of titania and rate of precipitation of hydrous titanium dioxide caused by hydrolysis of Ti 4+ [44] . Nevertheless, this phenomenon is especially important in case of the EP and EP + CP samples. In summary, the mechanically polished sample is characterized by the largest cell size and the smallest pore diameter, pore circularity, and porosity. The chemically polished and electropolished samples have similar cell sizes, pore diameters, pore circularities, and porosities. For the EP + CP sample, the cell size and pore diameter are almost identical to the literature values, while the porosity and pore density are the highest among all data presented here.
Polishing Effect on the Cell Arrangement.
A special emphasis was put on the investigation of the effect of used polishing method on the cell arrangement in ATO layers. Since the morphology of top-view SEM images does not provide useful information about the cell order (see Figures  2(a)-2(d) ), the morphology of bottom-view SEM images was deeply analyzed. As was previously discussed (see Figure 2) , 2D FFT images can provide some brief and qualitative information about the regularity of cell arrangement, but a quantitative differentiation is not possible. Therefore, using the intensity profiles of FFT images, a detailed analysis of cell arrangement was performed as described previously [9] . A regularity ratio ( FFT ), defined as a ratio of the maximum intensity of the FFT peak to its width at half-maximum, was calculated from the average FFT profile for various polishing methods. For all polishing methods, the regularity ratio was derived from the SEM images acquired at the same magnification.
On the other hand, the average regularity ratio ( ) can be estimated in the same manner from the surface-height distribution diagrams ( Figure 6 ) calculated from bottomview SEM images using appropriate software [47] .
For typical diagrams (Figure 6 ), the surface heights are almost equally distributed among positive and negative regions along the topography axis. However, some significant differences in peak intensities and height distributions exist (compare, e.g., Figures 6(a) and 6(d) ). The surface-height distribution diagrams were generated for each polishing method and for each SEM image taken at different magnifications. Therefore, for a given polishing method, the average value is based on 18 independent measurements. Figure 7 shows the regularity ratios calculated using both methods based on FFT images ( FFT ) and topography distributions ( ). It was previously mentioned that the morphology of bottom-side of oxide layer is not significantly affected by the polishing method (Figures 2(e)-2(h) ). This conclusion is reaffirmed by the data collected in Figure 7 . It can be seen that the average values of both regularity ratios, FFT and , do not change considerably when considering different polishing methods.
Conclusion
In this study, different polishing methods, mechanical, chemical, electrochemical, and a combination of electrochemical with chemical methods, were investigated to establish whether they represent efficient pretreating procedures of Ti preparation before the formation of anodic titanium dioxide layers. It was established that current density-time curves can provide useful information about retardation of pore nucleation on the anodized surface. While the top morphology of ATO layer and, consequently, the structural features such as cell size, pore diameter, pore circularity, pore density, and porosity are dependent upon the used polishing method, the order in cell arrangement is similar for all polishing methods as demonstrated from the bottom-side morphology of ATO layer formed after the second anodization. Finally, all four studied polishing methods were equally effective when using two-step anodization procedure for ATO formation.
